The quantity of formate was determined using apparatus comprised of a reactor with immobilized formate dehydrogenase (FDH) in the flow line. NADH formed by an enzymatic reaction was fluorometrically detected. The optimal concentration of NAD + in the carrier was determined. The maximum peak area due to NADH was observed at pH 7.0 when the pH of the carrier consisting of piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer ranged from 6.0 to 8.0. Various buffer types were also examined as carrier media at pH 7.0 and PIPES buffer showed the maximum peak area. When the carrier composed of PIPES buffer (0.1 M, pH 7.0) was used, the calibration curve for formate was linear in the range of 0.5-50 µM (r = 1.000). Relative standard deviations of the peak area at 1 µM and 10 µM were 2.6% (n = 7) and 1.6% (n = 7), respectively. This method was applied to the analysis of formate in foodstuffs, and formate content determined by this method agreed with that determined by a commercially available test-kit.
INTRODUCTION
Various methods for the determination of formic acid have been proposed, including gas chromatography, high-performance liquid chromatography (HPLC) and enzymatic methods. However, these methods are time-consuming and require trouble- * To whom correspondence should be addressed: Kyoritsu University of Pharmacy, 1-5-30 Shibakoen, Minato-ku, Tokyo 105-8512, Japan. Tel.: +81-3-5400-2671; Fax: +81-3-3434-5343; E-mail: mori-hs@kyoritsu-ph.ac.jp some operations. In the analyses by gas chromatography, formic acid must be transformed to its derivatives, methyl formate, [1] [2] [3] [4] dimethyl formamide, 5) and formanilide. 6) The steps for the separation or extraction are also needed, or the headspace method is frequently utilized. In the HPLC method, 7, 8) the derivatization of formic acid with a long reaction time must be carried out prior to analysis. In the enzymatic methods utilizing formate dehydrogenase (FDH), formic acid itself is analyzed. Thus, its derivatization is not needed, differing from the methods mentioned above. However, the enzymatic reaction using soluble enzymes [9] [10] [11] [12] [13] requires troublesome operations and a comparatively long reaction time. We have utilized immobilized enzymes in a flow system [14] [15] [16] [17] for the determination of the component of drinks. In these methods, enzymes can be repeatedly used. Due to enzyme specificity, only one peak corresponding to the substrate is usually observed at a short time after injection of a sample. Thus, many samples can be analyzed in a constant time.
In this work, formate was determined using a reactor containing immobilized FDH in the flow system. Formic acid is used as a food preservative, 11) thus, the present method was applied to determine formic acid in foodstuffs, vinegar, wine and honey.
The enzymatic reaction 11) is shown below. In this reaction, FDH (E.C.1.2.1.2) is utilized. NADH formed by the reaction was detected fluorometrically. 14, 15) as described below. To aminopropyl glass beads (0.4 g) in 3.6 ml of 0.1 M phosphate buffer (pH 10.0) was added 0.4 ml of a 25% aqueous solution of glutaraldehyde. The mixture was bubbled with N 2 gas for 1 hr at room temperature. After the activated aminopropyl glass was filtered and washed with 100 ml water, 20 units of FDH was added with 3.2 ml of 0.05 M phosphate buffer (pH 6.0). The mixture was stirred with a shaker for 20 hr at 4 • C, and shaken for a further 4 hr after bovine serum albumin (BSA) was added to 1% (w/v). Enzyme-immobilized glass beads were filtered and washed with 100 ml of 0.05 M phosphate buffer (pH 6.0) and then with 100 ml of water. They were stored in 3.2 ml of 0.05 M phosphate buffer (pH 6.0). Seven percent of the activity of the initially applied enzyme was found in the immobilized enzyme. The enzyme-immobilized glass beads thus prepared were packed into a stainless steel column (4 cm, i.d. 2 mm). Apparatus --The apparatus used in this study is the same as that shown in Fig. 1 in the previous paper. 17) The enzyme reactor (ER) containing immobilized enzyme was immersed in a water bath (WB) at 30 • C. The carrier used was 0.1 M PIPES buffer (pH 7.0) containing 1.0 mM NAD + , and this was delivered at a rate of 0.4 ml min −1 by a Shimadzu LC-10AD pump (P). NADH formed by the enzymatic reaction was fluorometrically detected (λ ex , 340 nm; λ em , 460 nm) by a Hitachi F-1050 spectrofluorometer (D) with a 12 µl flow cell. The peak area was obtained by a Hitachi D-2500 data processor (DP). The sample injection volume was 50 µl. Preparation of the Samples --Vinegar (10 ml) was neutralized to pH 7-8 with potassium hydroxide solution, quantitatively transferred to a 20 ml volumetric flask, filled with water to the marked line and mixed. This solution was 50 times diluted with carrier. The solution, 100 times diluted from the original vinegar, was used for analysis. Wine was 2 times diluted with water, and the solution was 50 times diluted with carrier. Wine-1 was degassed prior to dilution with water. One gram of honey was weighed and transferred to a 10 ml volumetric flask with water. Then the flask was filled with water to the marked line and mixed. This solution was 50 times diluted with carrier for analysis. Determination of Formate by F-kit --All of the absorbances of the solutions described below were measured at 340 nm. Five minutes after mixing NAD + and the sample containing formate in potassium phosphate buffer (pH 7.5), the absorbance of the mixture was measured (E 1 ). FDH was then added to the mixture. Absorbance (E 2 ) was also measured 20 min after FDH addition. The values of E 2 and E 1 were respectively calibrated with a blank test. The content of formate was calculated from the difference of E 2 minus E 1 calibrated.
MATERIALS AND METHODS

Materials
RESULTS AND DISCUSSION
The dependence of the NAD + concentration in the carrier upon the peak area due to NADH was ex- Values are the peak areas relative to that obtained with PIPES buffer, and are the averages of triplicate determinations. Carriers contained 1.0 mM NAD + . Other conditions were as described in the legend of Fig. 1. amined. As shown in Fig. 1 , NAD + concentrations of more than 1.0 mM afforded an almost constant peak area. Consequently, a concentration of 1.0 mM was used in the subsequent experiments. Figure 2 shows the dependence of the peak area upon the pH of the carrier comprised of PIPES buffer in the pH range from 6.0 to 8.0. The maximum peak area was obtained at pH 7.0. Various buffer types were also examined as carrier media. Table 1 shows the effect of each buffer type (0.1 M, pH 7.0) as a carrier medium upon the peak area of NADH. Of the buffers, PIPES afforded the maximum peak area, whereas triethanolamine buffer showed a considerably smaller peak area. PIPES buffer (0.1 M, pH 7.0) was used as the carrier medium for the following experiments.
The peak due to formate was observed at about 1.9 min under the experimental conditions. The calibration curve obtained was linear (r = 1.000) in the formate concentration range from 0.5 to 50 µM, but concentrations less than 0.2 µM gave comparable peak areas. Thus the lower limit of detection was 0.5 µM, which is larger than that in the previous study, 17) 0.03 µM. The detection limits in gas chromatography were 10 µM 2) (flame ionization detector) and 5 µM 4) (mass spectrometry), respectively. That in HPLC method detecting benzimidazole, the reaction product of o-phenylenediamine with formic acid, at 267 nm was 0.1 µM 8) (S/N = 2), though the lower limit of linearity was 1.6 µM. And those in the enzymatic methods using soluble enzymes were 5 µM (fluorometric detection) 10) and 10 µM (spectrophotometric detection), 11) respectively. Thus, the lower detection limit in the present method is comparable with, or lower than those in other methods. As described above, the concentrations less than 0.2 µM afforded comparable areas in the present method. The detection limit would be improved, assuming that the calibration curve in this concentration range shows a linearity by using other buffer type than PIPES as a carrier medium.
The relative standard deviations of the peak area in the present method were 2.6% (n = 7) and 1.6% (n = 7) at 1 µM and 10 µM, respectively and these values are considered to be appropriate for the analysis of formic acid.
In the present method, only one peak appears at 1.9 min and the analysis of a sample finishes in 5 min. This is in contrast to other methods as gas chromatography or HPLC, where the analysis of the second sample can start only after all peaks of the first sample appeared completely. Thus, many samples can be analyzed in a constant time by the present method.
The present method was applied to analyze the formate content of vinegar, wine and honey. Table 2 lists the results of this analysis compared with those obtained by a commercially available test kit (F-kit), which showed good agreement.
After analysis of the samples, the carrier in the immobilized enzyme column was replaced by 0.05 M phosphate buffer (pH 6.0) and the column was stored at 4 • C to prevent the decrease of enzyme activity; however, the peak area for 10 µM formate decreased to 85% of that initially detected after the analysis of 140 samples, including standard samples for a calibration curve. Thus, the immobilized enzyme used in the present study seemed to be less stable than the previously used immobilized enzymes. 16, 17) 
